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A B S T R A C T
Invasive species can signiﬁcantly aﬀect local biodiversity and create important challenges for conservation. They
usually present an outstanding plasticity that permits the adaptation to the new environments. Understanding
their genetic background is fundamental to better comprehend invasion dynamics and elaborate proper man-
agement plans as well to infer population and evolutionary patterns. Here, we present a reasonable set of tools
for the study of a highly invasive earthworm, the megascolecid Amynthas corticis. We designed in silico a large set
of primers targeting microsatellite regions (ca. 9400) from two low coverage genomes presented here. This study
provides 154 high quality primer pairs targeting polymorphic repeats conserved in two Amynthas corticis mi-
tochondrial lineages. From this dataset, a set of primer pairs (15) was validated by polymerase chain reaction
with 86% consistent ampliﬁcation, conﬁrming the accuracy of the in silico prediction. Nine of the primer pairs
tested were selected for population genetics and presented polymorphism in the studied populations, thus
showing promising potential for future studies of this global invasive species. The nuclear markers used in this
study appear to recapitulate and complement the mitochondrial relationships found in a previous study.
Interestingly, all genotyped individuals showed at least one triploid locus proﬁle among the tested loci, which
may be evidence of polyploidy associated to their life history, in particular to asexual reproduction by parthe-
nogenesis.
Biological invasions are a major concern within the present globa-
lisation context and invasive species pose a challenge for conservation.
Alien terrestrial invertebrates have signiﬁcant ecological and economic
impacts on ecosystem services (Vila et al., 2010) and introduced
earthworms can modify soil structure and nutrient dynamics (Hendrix
et al., 2008) as well as aﬀect native populations (Hendrix et al., 2006).
Genetic studies are needed in order to understand invasion patterns and
create management policies. Amynthas corticis is a highly invasive
earthworm with Eastern Palearctic origin that has shown to tolerate a
wide range of environmental factors (Fragoso et al., 1999) and has been
introduced worldwide (Hendrix et al., 2008). In a previous study, three
mitochondrial lineages with diﬀerent environmental preferences were
detected within Azores Islands (Portugal), two of which were in-
troduced and one with unknown origin (Novo et al., 2015). Here, we
present a large set of microsatellite regions (9380) generated from
genomic data, 154 of which are conserved across lineages and poten-
tially polymorphic. By testing a subset, we showed that the in silico
prediction could work with 86% eﬃciency (13/15). These micro-
satellites would be a valuable tool for future studies on this species in
order to better understand its invasion dynamics. Diﬀerent lineages of
invasive earthworm species are known to present diﬀerent environ-
mental preferences (Novo et al., 2015: A. corticis and A. gracilis).
Therefore, genotipying should be used in order to unravel the invasion
patterns in such species, since the study at species level overlooks im-
portant information. After a basic understanding of such lineages and
associated environmental conditions, the gathered information could
serve for prediction of future habitat colonization and even bioindica-
tion of certain ecological characteristics of the environment. This allows
inclusion of mitigation/prevention measures in conservation manage-
ment plans (e.g., soil import, country backlist, etc) depending on spe-
cies biological invasion potential. Furthermore, such measures are
crucial for avoidance of further invasion and potential disruption of
eco-functional and demographic processes on local native earthworm
populations, in particular for endemic regions and delicate ecosystems.
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Microsatellites allow the study of genetic diversity and its spatial
structure at a ﬁner scale than mitochondrial markers in earthworms
(Novo et al., 2010), for whose distribution environmental soil micro-
variables are known to be of great importance (Joschko et al., 2006;
Palm et al., 2013). They also permit the evaluation of admixture of
lineages and ploidy level of specimens (e.g. Hänﬂing et al., 2005; do
Prado et al., 2017).
We assembled genomic information of A. corticis from two of the
lineages identiﬁed in Novo et al. (2015) in Azores (Portugal), namely
lineages A and C. Both type specimens used in this study were obtained
from pasture ﬁelds (Lineage A: 37.76604, −25.62494; Lineage C,
37.76369, −25.53497) located on São Miguel Island (Azores archipe-
lago, Portugal), and the tissue sample was deposited in Cardiﬀ Uni-
versity. DNA was sheared, Illumina adapters were ligated, libraries
were controlled for quality, normalized, pooled and ran on a Hiseq
2500, in rapid run mode (paired-end 150 bp). Contigs used for the
microsatellite mining were de novo assembled using SOAPdenovo v.2
(Luo et al., 2012) using short-reads. These draft genomes are available
from the European Nucleotide Archive (ENA) under the study number:
PRJEB20839. Lineage A genome assembly (sample accession:
ERS1735863) yielded a 1.2 Gb total base pair reconstruction, with a
n50 of ∼600 bp and ∼3 million contigs. Lineage C assembly (sample
accession: ERS1735864) showed a smaller size reconstruction yielding
a 0.85 Gb of total base pair reconstruction, n50 of ∼400 bp and ∼2.9
million contigs. The genome draft assembly reconstruction sizes were
higher 2.1 times for lineage A and 1.5 times for lineage C when com-
pared to the estimated genome size using ﬂow cytometry measurements
of coelomic cells (570 Mb, data not shown). Higher in silico genome size
than estimated haplome is not uncommon and is usually associated to
high genome heterozygosity that makes the assembly process more
fragmented (Zwarycz et al., 2016). Microsatellite regions were identi-
ﬁed and primers were designed using PrimerPipeline package (http://
www.scrufster.com/primerpipeline/ [last date accessed: 10.03.17]) as
implemented in Macdonald et al. (2016) which incorporates the mi-
crosatellite mining tool, MISA (Varshney et al., 2002) and Primer3
(Untergasser et al., 2012). Tables with the recovered microsatellite
regions for the two studied lineages (4677 for lineage A, and 4703 for
lineage C) and potential primers are provided in Supplementary ﬁles 1
and 2. Conserved cross-lineage primers were assessed in silico using
iPCRess (European Bioinformatics Institute, Exonerate package, version
1.2.0) using primers developed in lineage A as input primers to test in
lineage C draft genome. This provided 3038 cross-lineage primers pairs
(with no base mismatch allowed). Posterior analysis was restricted to
primer pairs that would amplify a unique sequence in a unique genomic
contig, conserved between the genomes (a total of 159 primer pairs). In
silico evaluation (diﬀerence between ampliﬁable products in genomes
of both lineages) showed that 97% of these primer pairs could poten-
tially amplify polymorphic loci (154 primer pairs, Supplementary ﬁle 3;
sequences from both lineages are shown in Supplementary ﬁles 4 for
lineage A and 5 for lineage C). From this dataset, 15 primer pairs were
chosen for assessment of polymorphism in loci, using polymerase chain
reaction. Out of the 15 primer pairs, 13 showed consistent ampliﬁcation
(two showed inconsistent multiple band patterns) and polymorphism in
preliminary analyses of ﬁve specimens representing three mitochon-
drial lineages and including the individuals from which the low cov-
erage genomes were sequenced. Nine primer pairs were further am-
pliﬁed for a larger set of specimens (see below). The forward primers
were tailed with the M13 sequence (TGTAAAACGACGGCCAGT) at their
5 end and the universal ﬂuorescent-labelled M13 primer was added to
the reaction as well (6FAM). See description of the method in Schuelke
(2000).
The utility of the diﬀerent loci as genetic markers was tested in a
panel of 34 individuals coming from diﬀerent populations and mi-
tochondrial lineages collected mainly in São Miguel Island (Azores,
Portugal) but also in Spain, US and China (see Novo et al., 2015;
Supplementary ﬁle 6 and Fig. 1A). DNA was extracted from 25 mg of
collected tissue samples using the DNeasy® Blood & Tissue kit (Qiagen)
adding 70 μl of Elution Buﬀer twice. PCR ampliﬁcations were per-
formed in a Veriti® 96-Well Thermal Cycler (Applied Biosystems) with
1020 ng of genomic DNA. Reactions included a ﬁnal volume of 20 μl
and 2X GoTaq® Reaction Buﬀer, 2.5 mM MgCl2, 0.5 mM dNTPs, 0.5 μM
of M-13 universal primers labelled with a ﬂuorescent dye attached to
the 5 end, 0.25 μM of M13-tagged forward primer, 0.5 μM of reverse
primer and 1U of GoTaq® Polymerase (Promega). Two diﬀerent cycles
(A and B) were used for PCR depending on primers and sample (Sup-
plementary ﬁle 6), and included 94 °C (5 min), 30 cycles of [94 °C
(30 s); 61 °C (15 s) for A and 58 °C (30 s) for B; 72 °C (15 s)], 10 cycles
of [94 °C (15 s); 53 °C (15 s); 72 °C (15 s)] with a ﬁnal extension of
10 min at 72 °C for A and 7 min for B. Ampliﬁed products were ﬁrst
checked on a 1.5% agarose gel and then analysed on the ABI 3730xl
DNA sequencer (Applied Biosystems), following the manufacturers
instructions. Resolved PCR products were precisely sized using Gen-
escan Rox 500 size standard and scored in Peak Scanner™ Software 2
(Applied Biosystems). In order to account for genotyping errors
(Pompanon et al., 2005), the samples were analysed twice in the se-
quencer using two diﬀerent dilutions. Scoring of alleles is shown in
Supplementary ﬁle 6. Details of the nine optimised markers are shown
in Table 1. Number of alleles varied between two and sixteen and
number of genotypes between two and ten. All the individuals pre-
sented three alleles at least in one locus, and therefore this suggests that
all the genotyped individuals were triploid. This evidence of polyploidy
supports the idea that the genotyped individuals of this species re-
produce asexually by parthenogenesis. This mode of reproduction
presents ﬁtness advantages that may promote colonization and main-
tenance of stable populations in new environments due to the capacity
of a single organism to establish an entire population (Hughes, 1989;
Terhivuo and Saura, 2006; D & az Cos & n et al., 2011). Indeed, Novo
et al. (2015) suggested a higher invasiveness of A. corticis in Azores
when compared to A. gracilis (diploid with sexual reproduction). The
analysis of such polyploid data is challenging but GenoDive (Meirmans
and Van Tienderen, 2004) allows for a correction of the unknown do-
sage of alleles. This correction uses a maximum likelihood method
based on random mating within populations, modiﬁed from De Silva
et al. (2005). Heterozygosity was calculated per locus and is shown in
Table 1. Since individuals from outside Azores were just included for
testing the ampliﬁcation success, and the numbers were low, we fo-
cused for further analyses just on the Azores individuals. In order to test
genetic structure and compare it with the information given by mi-
tochondrial markers (Fig. 1B) we performed a Principal Component
Analysis (PCA) in GenoDive. The results revealed that genetic structure
was not dependent on population origin but on mitochondrial lineage
(Fig. 1C). Gst (Nei, 1987) were also calculated in order to show dif-
ferentiation among those lineages, resulting in values of 0.394 between
lineages A and B; 0.409 between A and C; 0.266 between B and C. This
was further explored with a Bayesian analysis of population structure
performed in Structure v2.3.4 (Pritchard et al., 2000). An admixture
model was used allowing alpha and lambda to be inferred from the
data. Structure was independently run 20 times, testing values of
clusters (K) between 1 and 7 and using 100,000 steps of burn-in for the
MCMC algorithm and 100,000 steps of data collection phase. Evanno
et al. (2005) method was implemented in Structure Harvester v0.6.94
(Earl and vonHoldt, 2012) to infer the best value of K, which was
K = 3. Clusters showed that the microsatellite data divided the in-
dividuals per mitochondrial lineage independent of population. Several
individuals from the lineage B and one individual from lineage A
showed admixture with the other two lineages (Fig. 1D).
We have presented a large set (ca. 9400) of microsatellite regions
predicted from genomic data coming from two diﬀerent mitochondrial
lineages, a subset of potentially polymorphic regions common in both
lineages (154) and the associated primers to use them as molecular
markers. We have veriﬁed that the in silico prediction is accurate since
13 out of the 15 primer pairs tested yielded consistent ampliﬁcation in
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Fig. 1. Results of the analyses for microsatellites of Amynthas corticis. 1A: Sampled populations within São Miguel island (Azores, Portugal). See Supplementary ﬁle 6 for number of
individuals and tested specimens abroad. The stars represent the populations from which genomic information we designed the primers (lineages A and C). 1B: Haplotype network from
mitochondrial data modiﬁed from Novo et al. (2015). Individuals from the coloured haplotypes A, B and C (and HAP-31) were tested for the presented microsatellite regions. 1C: Results
for the PCA analysis performed in GenoDive with the new microsatellite data after correction for allele dosage. The individuals are diﬀerentiated by mitochondrial lineage (above) and by
population (below). 1D: Results of analysis in Structure with the new microsatellite data. Each genotype is represented by a vertical bar.
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preliminary analyses. Nine of them were further ampliﬁed for popula-
tions within Azores and some individuals from abroad. We anticipate
this could be a very valuable tool for the study of evolutionary and
invasion processes of the earthworm A. corticis, which has shown great
success in new environments when introduced (Novo et al., 2015).
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Table 1
Details of the microsatellite markers for Amynthas corticis that were further tested in 34 individuals and polymorphic. NG, number of genotypes obtained per locus; NA, number of alleles
per locus; NAind, number of alleles per individual; Ht, expected total heterozygosity; H't, corrected total heterozigosity for a bias that stems from sampling a limited number of
populations. Whereas GenoDive corrects the allele frequencies for the unknown dosage of polyploid data, Ho would not be based on the corrected frequencies and therefore not shown.
Locus Repeat motif Primer sequence (53) Size range (bp) NA NAind NG Ht H't ENA Accession no.
AC7 (TTAA)3 F: GCAGCTCCAACTTGGGTTTG 268282 6 13 5 0.720685 0.719659 LT714131
R: CCCTTAAAACGCTGGAACCG
AC8 (GA)5 F: CCGCCTGCGTTTATTCGAAG 239266 6 12 7 0.693149 0.697175 LT714132
R: CTCTGTCGACAGGTGGAACC
AC10 (CAG)3 (GCCC)3 F: CTCGAGACGACGCTGATTCA 237241 2 1 2 0.431957 0.460404 LT714133
R: CGTTTCCTTTCAAGGTGGCG
AC20 (TC)23 F: ACATTTGCGTCTTTGTCCTCA 283305 8 12 6 0.758759 0.770657 LT714134
R: AGGGAGACGCCGCTTCTATA
AC21 (AC)22 F: AGCACCAACAAATGCACACA 271293 9 23 8 0.857476 0.861242 LT714135
R: TGGTACTTGCGGTTTCTGGA
AC22 (GA)27 F: TCGGGTTTCACGAAGGAAGA 281345 9 13 6 0.797996 0.806006 LT714136
R: AAGAGTGACAGATAGGTGAATAACA
AC24 (AG)21 F: ATCCTCCGTCTCGAACCAGA 271291 6 13 6 0.804999 0.818324 LT714137
R: GCACCACGGTCCACAAAGAT
AC28 (ATC)13 F: TGGACTGTCAATCTCCACATGA 210320 15 13 10 0.934463 0.953177 LT714138
R: AGTCATGCTTGGAGGAACCG
AC29 (TTGA)14 F: TGCCAGAGCATGACTTGTCA 200310 16 13 7 0.909789 0.920824 LT714139
R: ACAGTCACAGAGGATGTCAGA
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